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to the brain and receive high-order 
commands and inputs from it. That 
is, much of the planning, computation 
and execution of stereotypic arm 
movements are conducted within the 
arm neural system itself. Accordingly, 
natural-looking arm extension 
movements can be generated in 
amputated arms. This organization 
may be an optimal solution for the 
motor control of highly redundant 
flexible appendages and for processing 
sensory information gathered by 
millions of receptors distributed on 
the arm’s skin and suckers. Similarly, 
much of the visual processing may be 
performed in the optic lobes, which 
may also store long-term memories. 
As a result of intensive 
encephalization, the octopus brain 
superficially resembles the centralized 
vertebrate brain more than the 
distributed nervous system of other 
invertebrates — but it still maintains 
typical invertebrate features. It still 
shows clear boundaries between 
discrete lobes, indicative of fusion of 
individual invertebrate ganglia, and 
their organization within the brain is 
much simpler than in vertebrate brains. 
This lobed structure is advantageous 
for experimentally deciphering the 
brain’s functional organization.
Each lobe in the octopus brain 
still maintains the typical anatomical 
organization of invertebrate ganglia, 
with the cell bodies arranged in an 
outer layer. The neurons are of the 
typical invertebrate monopolar type, 
with a single neurite extending from 
the cell body into the deeper neuropil, 
where it ramifies into the dendritic tree 
and the axon. Cell bodies of vertebrate 
neurons, in contrast, lie deeper in the 
brain tissue and both the axon(s) and 
dendrites emerge from the cell body. 
The electrical properties of the octopus 
central neurons, where examined, are 
also typical for invertebrates; the cell 
bodies, and probably the dendrites too, 
are inexcitable and action potentials 
are generated only at the transition to 
the axon.
Are there convergences with 
mammalian brain organization? 
Some parts of cephalopod brains 
show a strikingly similar morphological 
organization to areas of the vertebrate 
brain mediating similar functions. For 
example, the three outer layers of the 
cephalopod optic lobe are organized 
similarly to the deeper layers in the 
vertebrate retina, a similarity all 
the more striking as the octopus’s 
typically invertebrate mechanisms 
of transduction and physiological 
responses to light are quite different 
from those of vertebrates. 
In the peduncle lobe, small granular-
like cells give rise to arrays of thin 
parallel fibers, strongly resembling 
the arrangement in the folia of the 
vertebrate cerebellum. The parallel and 
linear organization of small diameter 
fibers in the vertebrate and octopus 
systems suggests the importance of 
this type of organization for possible 
timing computations.
Finally, the vertical lobe, as already 
mentioned, resembles the vertebrate 
hippocampus, both in its involvement 
in learning and memory and in its 
morphological organization. This area 
possesses a robust activity-dependent 
long-term synaptic potentiation (LTP) 
very similar to that in the mammalian 
hippocampus, even though it differs in 
mechanism of induction. The octopus 
LTP was shown to be involved in long-
term memory. 
From the point of view of evolutionary 
convergence, the mammalian-like 
anatomical organization of these higher 
brain areas in the octopus, highlight 
the importance of network connectivity 
rather than the properties of single cells 
in achieving certain behavioral function. 
In other words, if there is a hierarchy of 
constraints in the evolution of neural 
systems, it seems that anatomical 
connectivity lies at the top.
Where can I find out more?
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pathway
David Strutt
Research in the area of 
developmental biology has 
historically focused on the key 
question of how different cell fates 
are determined in different regions 
of the body. From the point of 
view of producing a functioning 
organism, however, an equally 
important question is how cells 
acquire the appropriate polarities. 
Indeed, it is the polarisation of the 
single-cell embryo that underlies 
the diversification of cell fates that 
follows. One particular problem in 
this area is how groups of cells of the 
same or different fates coordinate 
their polarity with that of their 
neighbours and the axes of the tissue 
and organism as a whole. Over the 
last 15 years considerable progress 
has been made in understanding the 
mechanisms underlying coordinated 
cell polarisation, with attention 
focusing on its genetic control 
by genes acting in the so-called 
‘planar polarity pathway’. As I shall 
discuss here, however, there is still 
considerable disagreement and 
uncertainty regarding the definition 
of this pathway and the functional 
relationships of its different 
components.
The term ‘planar polarity’ was first 
used by Katharina Nübler-Jung in 
the 1980s to refer to the patterned 
polarisation of cells in the plane 
of an epithelium. The studies of 
Nübler-Jung and other workers 
in the preceding decades were 
carried out on the cuticles of various 
insects, which were both amenable 
to experimental manipulation and 
showed obvious cellular polarity as 
manifested by the ordered orientation 
of hairs, bristles or scales. More 
recently the focus of planar polarity 
research has shifted to a different 
insect: the fruitfly Drosophila 
melanogaster, which also exhibits 
many beautiful manifestations 
of planar polarity on its cuticle 
(Figure 1A–F), such as the ordered 
arrangement of trichomes produced 
by cells in the wing and the polarised 
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that give rise to the hexagonal facets 
of the compound eye. Nübler-Jung 
also coined the terms ‘planar tissue 
polarity’ and ‘planar cell polarity’ to 
refer to the organisation of planar 
polarity at the level of either tissues 
or cells. The term ‘tissue polarity’ has 
now largely fallen out of use, but the 
term ‘planar cell polarity’ has been 
enthusiastically adopted by lovers 
of three letter acronyms as it can 
be abbreviated to PCP — not to be 
confused with Phencyclidine (angel 
dust) or the Peruvian Communist 
Party.
The ease of genetic analysis 
in Drosophila has permitted the 
identification of a large number of 
genes which are required for the 
correct establishment of planar 
polarity in a variety of tissues. Some 
of these genes are specifically 
required for the manifestation of 
planar polarity in particular tissues 
or structures: for instance, there 
are several genes required for the 
correct polarisation of actin-rich 
trichomes on the surface of cells of 
the cuticle, whereas a different set 
of genes is required for the proper 
orientation of ommatidia in the 
eye. But other genes appear to be 
generally required for establishment 
of planar polarity in diverse contexts, 
suggesting that there may be an 
underlying common mechanism at 
work. The study of such genes led 
to the first definition of a ‘planar 
polarity pathway’ by Wong and Adler 
in 1993, consisting of a genetic 
hierarchy involved in the coordinated 
polarisation of ommatidia, bristles 
and trichomes (Figure 1G). The 
genes at the top of the hierarchy 
delineated by the Adler group 
were frizzled (fz), which encodes a 
sevenpass cell-surface receptor, and 
dishevelled (dsh), which gives rise to 
a cytoplasmic protein required for the 
transduction of signals from Frizzled 
family receptors. Both Fz and Dsh 
remain pivotal in most definitions 
of the planar polarity pathway, and 
indeed are often defined as being 
part of a ‘core’ planar polarity 
pathway.
Shortly after the definition of a 
planar polarity pathway in which Fz 
acted through Dsh, it was recognised 
that Fz family receptors in fact 
play more general roles, acting as 
receptors for secreted ligands of 
the Wnt family in multiple signalling pathways. Prior to this, only a single 
Wnt signal transduction pathway had 
been characterised, in which Dsh 
acted together with other proteins 
in a cascade to regulate the stability 
of β-catenin and consequently 
control transcription. Furthermore, 
it was found that in vertebrate 
systems, activation of Fz receptors 
could in some circumstances 
activate signalling in a β-catenin 
independent manner via release of 
intracellular calcium. Genetic studies 
in Drosophila additionally provided 
evidence that, in planar polarity 
signalling, Fz and Dsh might signal 
via Rho p21 GTPases and a Jun 
N-terminal kinase (JNK) cascade. To 
distinguish between these multiple 
signal pathways downstream of Wnt 
ligands and Fz receptors, the term 
‘canonical Wnt pathway’ or ‘β-catenin 
pathway’ was adopted to denote the 
original Wnt pathway, with the other 
pathways being classified as ‘non-
canonical’, and specifically referred 
to as the ‘Wnt/calcium’ pathway and 
the ‘Wnt/planar polarity’ (or PCP), 
‘Wnt/Rho’ or ‘Wnt/JNK’ pathway 
(Figure 2). Nevertheless, although 
JNK activation is often used as an 
assay for planar polarity pathway 
activation in vertebrate systems, 
more recent evidence in Drosophila 
strongly argues against a general 
role for the JNK cascade in planar 
polarity, and both Rho GTPases and 
JNK are probably best considered 
as tissue specific effectors of the 
pathway.
The identification of the planar 
polarity pathway as a variety of 
Wnt pathway leads to the obvious 
supposition that the pathway is likely 
to be activated by a Wnt ligand. 
More generally, if the function of the 
pathway is to coordinate the polarity 
of cells with that of their neighbours 
and the tissue as a whole, then 
most likely the pathway would act 
to transduce an extracellular signal 
that provides a polarity cue. Classic 
transplantation experiments on 
insect cuticles in the 1950s, 60s 
and 70s by pioneering workers such 
as Locke, Lawrence and Stumpf 
convincingly established that 
cells were likely to establish their 
polarity by reading the gradient of 
an extracellular signal. Thus, an 
attractive model for the function of 
the planar polarity pathway is that a 
graded distribution of a Wnt ligand 
leads to a graded activation of the 
pathway via the Fz receptor. Cells 
might either then individually respond 
Figure 1. Planar polarity on the cuticle of adult fruit flies (Drosophila melanogaster) and a 
simple genetic cascade for its regulation.
(A,C,E) Examples of correctly determined planar polarity: in (A) the hairs or ‘trichomes’ on 
the surface of the wing all point towards the distal tip (to the right) in a coordinated fashion; 
(C) shows a histological section through the middle of a compound eye, revealing the regular 
hexagonal grid of groups of photoreceptors (‘ommatidia’), which are oriented to point either 
upwards (above the midline - yellow line) or downwards (below the midline); (E) shows the 
last four segments of a leg, each joined by a polarised ball and socket joint (arrowhead) and 
decorated with distally pointing bristles. (B,D,F) The disruption of planar polarity upon loss of 
fz activity is shown, in which polarised structures are still formed, but polarity is no longer co-
ordinated with the axes of the tissue. (G) A genetic hierarchy of planar polarity gene function, 
as originally defined by Wong and Adler. fz encodes a receptor which transduces a polarity-
specifying signal, in a manner dependent upon pk activity. dsh is required downstream of fz 
in all tissues, and downstream of dsh various ‘effector’ genes enact specific morphogenetic 
effects: inturned (in) and fuzzy (fy) are required for planar polarisation of bristles and trichomes, 
whereas multiple wing hairs (mwh) is required for polarisation of trichomes alone.
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of pathway activation with their 
neighbours through a process of cell 
communication, before adopting 
an appropriate polarity (Figure 
3A,B). The only ‘fly in the ointment’ 
regarding this elegant model is 
that, at least in Drosophila, despite 
considerable efforts by a number of 
groups, no evidence has been found 
for a graded Wnt ligand activating 
the planar polarity pathway. Hence, 
in the absence of a good candidate 
for the ligand upstream of the planar 
polarity pathway, the term ‘Factor X’ 
was adopted to denote this elusive 
polarity cue.
Although the definition of a planar 
polarity signalling cascade, capable 
of transducing extracellular signals, 
was an important step forward, as 
it stood it could not account for 
all the experimental observations. 
Genetic evidence indicated that, 
in addition to its proposed role 
in responding to a long-range 
extracellular gradient of Factor X, Fz 
is also involved in a process of local 
cell–cell communication that ensures 
that neighbouring cells adopted 
coordinated polarities. In addition, 
a number of planar polarity genes 
were identified that, by functional 
criteria, were clear candidates for 
acting together with fz and dsh in 
this coordination of cell polarity, 
but by genetic criteria could not be 
placed in a linear cascade with them. 
Clearly the pathway would need to 
be reassessed.
Notably, two of the planar 
polarity genes implicated in acting 
with fz in mediating local cell–cell 
communication themselves encode 
cell-surface transmembrane 
proteins, these being the fourpass 
transmembrane protein encoded by 
the strabismus locus (stbm), also 
known as Van Gogh (Vang), and the 
sevenpass atypical cadherin encoded 
by flamingo (fmi), also known as 
starry night (stan). An important 
clue as to the likely functional 
relationships of these proteins came 
from the striking observations made 
in a number of labs that the proteins 
adopt asymmetric subcellular 
localisations during the process of 
cell polarisation in the developing 
wing. Both Fz and Dsh localise to the 
distal cell edges in the apicolateral 
junction region, whereas Stbm and 
another cytoplasmic protein, Prickle 
(Pk), localise to proximal cell edges 
in adjacent cells. Fmi, in contrast, 
localises to both proximal and distal 
cell edges. As the Fmi cadherin is 
able to form homodimers between 
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Figure 2. Canonical and non-canonical Wnt signalling pathways.
(A) The originally defined Wnt signalling pathway (the ‘canonical’ or ‘Wnt/β-catenin’ pathway), 
in which a Wnt ligand binds to a Fz/LRP receptor complex, which acts through a conserved 
cascade to activate TCF-dependent transcription. (B) The non-canonical ‘Wnt/calcium’ path-
way, in which Wnt stimulation leads to intracellular calcium release and activation of down-
stream kinases. This pathway requires heterotrimeric G proteins, which have also been con-
troversially implicated in Wnt/β-catenin and planar polarity signalling. (C) The non-canonical 
‘planar polarity’, ‘Wnt/Rho’ or ‘Wnt/JNK’ pathway, in which Fz/Dsh act via Rho p21 GTPases 
and a JNK cascade. In vertebrates but not Drosophila, evidence exists for Wnt ligands activat-
ing this cascade. Rho GTPases and JNK cascades are most likely tissue specific ‘effectors’ of 
the planar polarity pathway, rather than essential components.adjacent cells, this suggests a model 
in which a ‘distal’ protein complex 
composed of Fz, Dsh and Fmi 
interacts with a ‘proximal’ protein 
complex in adjacent cells comprising 
Stbm, Pk and Fmi (Figure 3C).
There is now compelling evidence 
that the transmembrane proteins 
Fz, Vang/Stbm and Fmi/Stan are 
involved in contact-mediated 
intercellular communication, and 
that this communication is essential 
for the local coordination of cell 
polarity. It is also well-established 
that the final outcome of this process 
of cell–cell communication is the 
asymmetric localisations of a group 
of planar polarity proteins as already 
described, which provides a physical 
readout of the final polarity adopted 
by the cell (Figure 3D). But the 
molecular mechanism underlying 
the cell–cell communication is yet 
to be established and controversy 
surrounds the significance of the 
observed asymmetric protein 
localisations. In particular, there is 
disagreement regarding whether the 
gradual acquisition of asymmetry 
is itself part of a feedback loop 
mechanism to reinforce intracellular 
polarity, as proposed by Axelrod and 
coworkers, or whether intercellular 
signalling first defines the polarity of 
the cell and then asymmetry follows 
as a consequence, as championed 
by Lawrence, Casal and Struhl. 
Nevertheless, genetic manipulations 
that are thought to disrupt tissue-
level polarity cues, provided by 
Factor X, still result in short-range 
coordination of cell polarity between 
neighbouring cells. This suggests 
that Fz, Vang/Stbm and Fmi/Stan, 
together with their associated 
asymmetrically localised partners, 
can spontaneously establish 
intercellular and intracellular polarity, 
most likely via the feedback loops 
in which ‘distal’ and ‘proximal’ 
complexes mutually stabilise each 
others’ localisation in neighbouring 
cells and inhibit each others’ 
localisation in the same cell.
The planar polarity proteins that 
become asymmetrically localised, 
and are themselves required for 
this asymmetry to be established, 
are known as the ‘core’ proteins. 
This reflects the view that on two 
levels their function is central to 
the establishment of coordinated 
cell polarity. First, their activities 
are required in a variety of different 
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suggesting that they form a 
conserved ‘cassette’ or ‘module’ 
required for the local coordination 
of cell polarity. Second, in terms of 
the hierarchy of cellular events that 
lead to coordinated polarisation at 
the tissue level, they are thought 
to lie downstream of the long-
range graded signal referred to as 
Factor X, and upstream of genes 
required for production of polarised 
structures in particular cell types 
(known as ‘effectors’, as they are 
not required to coordinate planar 
polarity, but are required for its 
manifestation).
What then is the identity of 
Factor X, the long-range graded 
signal that lies at the top of the 
hierarchy? Work from my own group 
suggested that, in the eye and wing, 
the graded expression of a type II 
transmembrane protein called Four-
jointed (Fj) contributes to Factor 
X, and subsequently other groups 
found that the cadherins Fat (Ft) and 
Dachsous (Ds) act together with Fj 
in the eye, wing and abdomen to 
control the long-range coordination 
of cell polarity. Furthermore, loss of 
activity of these factors caused the 
core proteins to lose the long-range 
coordination of their asymmetric 
polarised localisation, but retain 
locally coordinated asymmetry, 
consistent with the effect expected 
for the loss of Factor X. These 
results all seemed to fit neatly into 
a ‘three-tiered’ model for the long-
range coordination of planar polarity, 
with long-range gradients of Fj, Ds 
and Ft expression or activity acting 
upstream of the core, which in turn 
act upstream of the effectors  
(Figure 4A).
The simplicity of the three-tiered 
model of the planar polarity pathway 
led to its rapid acceptance by 
workers in the field. Nevertheless, 
some pieces of evidence refused 
to fit. On one hand, some genetic 
evidence was more consistent with 
Fj, Ds and Ft acting in parallel to the 
core planar polarity proteins than 
upstream. On the other, the gradients 
of Fj, Ds and Ft expression/activity 
had no consistent relationship to 
the axis of polarisation of the core 
polarity proteins within cells, such 
that in some tissues Fz would 
localise to the end of the cell pointing 
down the Fj gradient, whereas in 
others it would localise to the end pointing up the gradient. In 2006, 
two more pieces of evidence were 
published that argued against 
the three-tiered model. Strikingly, 
Matakatsu and Blair showed that 
graded Ft activity in the wing could 
be at least partly substituted for by 
uniform expression of a truncated 
molecule lacking the extracellular 
domain (and thus unable to interact 
with its putative ligand Ds), which 
Figure 3. The interpretation of graded polarity cues and the distributions of the ‘core’ planar 
polarity proteins.
(A,B) Two models for how cells might interpret graded polarity signals. Each cell could detect 
the gradient of the signal via cell surface receptors (A). The signal gradient across each cell is 
shallow and requires amplification to provide a clear morphogenetic cue. However, this am-
plification would be inherently error-prone and could lead to cells adopting the wrong polar-
ity. A more robust mechanism involves intercellular communication, to compare the levels of 
signal received (B), and should produce fewer errors. (C) During planar polarity establishment, 
the ‘core’ planar polarity proteins adopt distinctive asymmetric localisations. Fz and Fmi (also 
known as Stan) localise to one side of cell junctions with the cytoplasmic proteins Dsh and 
Diego (Dgo), apparently contacting via the extracellular space Stbm (also known as Vang) and 
Fmi localised in adjacent cells with Pk. Such asymmetric complexes between cells provides 
a means of polarised cell–cell communication, facilitating the coordination of cell polarisation 
as in (B). (D) The extracellular cue ultimately determines the orientation of the asymmetric 
complexes between neighbouring cells in the wing, with Fz localising distally and Stbm proxi-
mally.
is inconsistent with graded Fj, Ds 
and Ft expression/activity providing 
the only long-range polarity cue 
to the core proteins. Even more 
compellingly, Casal, Lawrence and 
Struhl showed that in the abdomen, 
even in the absence of core protein 
activity, Fj, Ds and Ft could affect cell 
polarities, indicating that they can 
bypass the core and interact directly 
with effector proteins.
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are the possible relationships 
between the different groups of 
planar polarity proteins? A linear 
planar polarity pathway is still a 
possibility, with Fj, Ds and Ft at the 
top providing graded polarity cues to 
the core proteins, which in turn act 
upstream of tissue specific effectors. 
But this view can only be reconciled 
with the existing data if the core 
also receives a parallel independent 
upstream polarity input that can 
partly substitute for the Fj, Ds and 
Ft signal, and if Fj, Ds and Ft can 
in some circumstances bypass the 
core (Figure 4B). Another possibility 
is that the Fj, Ds and Ft pathways 
and the core act in parallel, with 
the core receiving an independent 
long-range upstream polarity cue, 
and both pathways meeting at the 
level of effector proteins (Figure 
4C). Finally, it is formally possible 
that only one of either the Fj, Ds, 
Ft module or the core protein 
module is normally required for the 
establishment of coordinated planar 
polarity in response to an upstream 
cue, but perturbation of the other 
pathway can dominantly disrupt the 
establishment of this coordinated 
polarity. Given the current evidence 
that graded Ft expression is not 
essential in the wing, and that the Ft 
activity gradient has no consistent 
relationship to the subcellular 
polarisation of the core proteins, it 
seems most plausible that it is the 
core proteins that are instructive for 
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Figure 4. Current views of the planar polarity pathway.
(A) The ‘three-tiered’ linear pathway, in which upstream graded cues act entirely via Fj, Ds and 
Ft, which then determine the subcellular asymmetric localisation of the ‘core’ proteins such as 
Fz and Stbm. The core proteins also mediate intercellular communication, ensuring that neigh-
bouring cells adopt the same polarity. Core proteins then interact with tissue specific down-
stream ‘effectors’ to trigger polarised morphogenetic changes. (B) A modified three-tiered 
pathway, in which Fj/Ds/Ft themselves locally coordinate cell polarity and directly interact with 
effectors to mediate changes in cell polarisation, and the core proteins additionally receive 
graded upstream polarity signals (‘X’) independently of Fj/Ds/Ft. (C) A ‘two-pathways’ model, 
in which upstream polarity signals act independently on both the Fj/Ds/Ft pathway and the 
core proteins, which act in parallel to locally coordinate polarity and activate effectors. (D) An 
alternative linear pathway. The core proteins are primarily involved in responding to upstream 
signals, locally coordinating cell polarity and activating effectors. Graded Fj/Ds/Ft play alterna-
tive roles in developmental patterning such as coordination of growth, but disruption of their 
activity interferes with establishment of planar polarity by the core proteins.planar polarity patterning, and the Fj, 
Ds, Ft module plays the permissive 
role (Figure 4D).
A central role for the core proteins 
is also supported by the growing list 
of cellular contexts in which they 
act to coordinate cell polarisation in 
vertebrates. It is unclear, however, 
whether the core proteins in 
vertebrates will necessarily have the 
same relationships to Fj, Ds and Ft 
homologues or to effector proteins 
as seen in Drosophila. Furthermore, 
in vertebrates there appear to be 
a number of novel planar polarity 
genes, suggesting there may be 
novel mechanisms at work. There 
are also factors known in Drosophila 
which appear to be required for 
planar polarity establishment, but are 
not yet fitted into any pathway, again 
suggesting an incomplete picture.
In summary, although it is 
attractive to think of a single planar 
polarity pathway, it is not currently 
possible to define one that fits 
all the known observations. The 
core proteins do appear to form 
a single functional module, which 
is important for local cell–cell 
communication and coordination 
of polarity. But the mechanisms 
by which this locally coordinated 
polarity is aligned with the axes of 
the tissue as a whole remain opaque. 
Two key questions to be addressed 
are firstly the role of Fj, Ds and Ft 
and whether and how they interact 
with the core proteins, and secondly 
what other sources of long-range 
polarity information could be playing 
the role of Factor X to modulate core 
protein activity.
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